To realize objectives such as genome-based medicine, it is required to develop economical and fast methods for DNA sequencing. In this paper, a novel approach is developed to significantly improve efficiency of DNA sequencing based on physical differences between nucleotides. Here it is claimed that the reason for rather low resolution of sequencing based on physical differences, is the extremely nonlinear and complex dynamics of the DNA; it causes great dependence of DNA translocation with respect to detectors on initial conditions and environmental disturbances. In various sequencing, the position and orientation of nucleotides would thus be different in detection time. By decreasing signal-to-noise ratio, these different dynamics of nucleotides prevent detecting slight differences in physical properties of DNA bases. The correctness of this claim is verified by designing a sequencing nanodevice in which motion of a stretched single-stranded DNA (ssDNA) is constrained in such a way that axis of ssDNA backbone is fixed and in detection time each nucleotide lies in a fixed plane. Also nonlinear effects in ssDNA and detectors interactions are reduced as low as possible. Results from molecular dynamics indicate that under these constrained conditions, specific and distinct signal for each type of nucleotide will be generated.
biological nanopores [13] [14] [15] and solid-state nanopores [16] [17] [18] [19] [20] . Biological nanopores -such as -heamolysin [13, 14] or MspA [15] inserted into lipid bilayer-are stable only under limited conditions and have high thickness and constant diameter [21, 22] . Solid-state nanopores are fabricated by different methods such as ion beam sculpting [17] , transmission electron microscope [23] , electron beam lithography [24] , and ion beam lithography [25] from silicon nitride [16] , silicon oxid [17] , aluminum oxide [18] , or graphene [19, 20] substrates. They are much more stable than biological nanopores and can have various sizes and DNA translocates through them fast [22] . In addition to the nanopores, fluidic nanochannel is other nanostructure proposed for DNA sequencing based on physical differences [26, 27] . In the following some physical approaches used for DNA sequencing are presented briefly.
Most of the physical approaches for DNA sequencing use differences of electronic characteristics in nucleotides including: 1. Measuring ionic current blockades when under an applied electric field, DNA electrophoretically translocates through the nanopore and at any moment one of its nucleotides blockades space of nanopore mechanically. Both types of aforementioned nanopores have been employed in this approach [14, [28] [29] [30] [31] . Usually ionic current signal is too poor for allowing DNA sequencing at single-nucleotide resolution [22] .
2.
Using the differences of nucleotides conductance by measuring transverse electronic transport between two electrodes spaced closely to each other and embedded in the nanopore when DNA translocates through it [32] [33] [34] [35] . Although it is already demonstrated that under the same conditions distinct nucleotides fixed between two electrodes transfer electronic current completely different [32] , in practice fluctuations of nucleotides orientation reduce signal-tonoise ratio highly [36] . By applying a small transverse electric field, nucleotides orientation with respect to electrodes can be relatively controlled at detection time [37] . Another idea, used good electrical conductivity of a single atomic layer of graphene nanogap, proposes sequencing can be performed by measuring transverse conductance of graphene nanogap when ssDNA translocates through it [38] . 3. Using the differences of nucleotide capacitance by measuring fluctuations of voltage in a capacitor embedded in a nanopore as DNA translocates through it [39, 40] . Contrary to transverse electronic current method, this approach considers long-range coulomb interactions between the nucleotides and detectors [36] . Hence effects of adjacent nucleotides on the signal of a single nucleotide increase in detection time.
Also researchers try to improve resolution of sequencing by modifying former approaches. By functionalizing, some of methods could achieve to better interactions between nucleotides and detectors or control DNA translocation in nanodevices [41] [42] [43] .
Some others combine physical approaches and chemical reactions [15, 44, and 45] . One of them is optical methods in which an amplified DNA is ripped apart in a nanopore and sequencing is performed by analyzing the optical signal from it [46] . Also the method so called force detection employees optical tweezers to decelerate DNA translocation through nanopores in ionic-current detection [47] . Another proposed approach is based on differences among molecular friction of nucleotides, when a ssDNA is pulled through a pore in a substrate [48] , or when a tightly fitting molecular ring is pulled over a ssDNA [49] . Main difficulty of these methods is threading ssDNA through the pore [48] . However many ideas presented so far have not been implemented experimentally. They use computer simulations to model how DNA sequencing process is performed in these methods.
In computer simulations, molecular dynamics, as a method that can reveal all events happening in interactions among DNA, detectors, and surroundings, provide a route for designing the sequencing nano-devices and understanding how DNA transports and nucleotides orient in such devices [50] [51] [52] . Despite of plenty theoretical and experimental works about DNA sequencing, developed methods based on physical properties could not play their roles in an excellent manner yet. However the methods in which dynamics of DNA translocation is somehow controlled, have better results than others [26, 37] . Therefore to attain single nucleotide resolution it seems necessary that ssDNA motion is controlled during DNA sequencing [51] . The complex and nonlinear dynamics of ssDNA during translocation [53] , created by extremely nonlinear Lennard-Jones and electrostatic forces, numerous degrees of freedom, and many bonds that connect various atoms to each other, in addition to fluctuations of DNA, caused to reduce signal-to-noise ratio highly. Furthermore, it has been shown that when ssDNA nucleotides have the same position and orientation with respect to detectors, they can result distinct signals for each type of them [32] . Hence, to resolve this problem, it is necessary that the dynamics of DNA is constrained and nonlinear effects in ssDNAdetectors interactions are minimized. Constrained dynamics of ssDNA should be able to enforce nucleotides that have same position and orientation in detection time. In this paper, by using molecular dynamics simulations and utilizing this idea and the differences among Lennard-jones interactions of distinct nucleotides with two nanotubes, when ssDNA passes through them, it is shown that DNA sequencing can be performed fast and in high accuracy.
Simulation Setup
Hence the basis of the proposed approach is constraining the dynamics of ssDNA in such a way that backbone axis of stretched ssDNA moves on a straight line and each nucleotide nearly lies in a given fixed plane in detection time. For this purpose, a stretched ssDNA is translocated through a gold nanochannel that its width is linearly reduced from ~30 Å to ~8 Å, through ~65 Å vertical displacement (see Fig. 1 ). This gradual decrease of width reduces molecular friction and therefore causes smooth and uniform motion for ssDNA. After ssDNA translocates from this v-shape part, it lies between two flat faces which is the location of nucleotides detection ( Fig. 1 ). Thus ssDNA repulsive Lennard-Jones interactions with these faces enforce ssDNA nucleotides to lie in the mid-plane of them. In addition ssDNA backbone that its atoms are in more compact and more regular arrangement, with attractive Lennard-Jones interactions, adhere to the end of the channel, provided that the backbone is in vicinity of it at first. Therefore the dynamics of ssDNA motion is constrained so that the axis of the backbone is fixed and each nucleotide is in the given fixed plane in detection time.
Detection of nucleotides is carried out by differences of Lennard-Jones interactions of them with two nanotubes with chiral numbers (n,m)=(4,0) and 50 Å in length ( Fig. 1 ). To decrease effects of adjacent nucleotides on signal resulted from a single nucleotide in detection time, diameter of nanotubes have been chosen as small as possible. In both of nanotubes, 12 Å of one end is clamped (red segments of nanotubes in Fig. 1 ). When distinct nucleotides translocate through the space between two nanotubes, the free ends of them separate from each other differently. By measuring distance between two ends, , one can thus specify which type of nucleotides is passed at any moment. Indeed is distance between mass centers of 10 Å of free ends of nanotubes. Axis of nanotubes was rotated by ±10° around a direction perpendicular to the plane including them where this direction is parallel to the channel orientation ( Fig.   1 ). This is done for two reasons that are expressed as follow. Second, in nucleotides detection time, two parts of them would be in the space between two nanotubes simultaneously ( Fig. 1) . These parts consisted of: 1.A part of sugar which is same in all nucleotides and thus do not help to detect them and 2.A part of base which is not common in distinct nucleotides. This configuration of nanotubes causes that each part of nucleotides has different contribution in changing because of the fact that the common part of nucleotides are passed from a stiffer site where the distance between two nanotubes is relatively large. In contrast the base parts are passed from a more flexible site where the nanotubes are closer to each other. Thus is more influenced by the base parts rather than sugar part.
Method
All simulations are performed in all-atom implicit solvent, by means of NAMD2 [54] , and visualized in VMD [55] . Each ssDNA is generated by X3DNA software [56] and parameterized in CHARMM27 force field [57] . Lennard-Jones parameters of gold are assumed to be equal to =0.039 and σ=2.934Å [58] . For simulating constant tensile force .Å 2 that one end of it is connected to the phosphor of the first nucleotide and its other end is pulled at a constant velocity. The stiffness is large enough to prevent "stop and go" ratchet-like motion of ssDNA. Such high stiffness of spring can be achieved by multiple covalent bonds operated in parallel. Periodic boundary conditions are applied in three axis directions and particle mesh Ewald (PME) [60] is used for computing long-ranged electrostatic interactions. Velocity-Verlet algorithm [59] was employed for time integration with a time step of 2 fs. By using SHAKE algorithm [61] , hydrogen bonds were restrained.
Lennard-Jones interactions were truncated by using a switching function starting at 10Å and vanishing at 12Å.
Results and Discussion
Initially sequencing of four homogeneous polynucleotides including According to Fig. 2 , the proposed nano-device is able to generate identical and distinct signals for each nucleotide in homogeneous arrangements. This means that all signals generated for a specific nucleotide are approximately similar while signals generated for the different nucleotides are relatively distinguished. For nucleotides A, T, C, G, ∆ = − , at steady state conditions are 1.9 Å, 2.2 Å, 1.9 Å, and 1.7 Å respectively. As it can be seen from Fig. 2 , the time required for translocation of the G nucleotide is more than the translocation time of other nucleotides.
This setup has ability to generate given and differentiable signal between each pair of distinct nucleotides, except C and T (Fig.3) . For those sequences including nucleotide T, the signal minimum value, , is lower than the other sequences. It should be noted that at the beginning of simulation, dynamics of nanotubes has not reached to steady state; therefore, resulting signals do not have enough resolution. However after the transient unsteady response, resolution of signals is improved. For instance, if simulation of decussate arrangement 3'-CTC...TCT-5' is continued, resolution of signal is highly improved (Fig. 4 ), in such a way that one can easily distinguish signal of C and T nucleotides from each other.
According to Fig. 4 , the time required for translocation of the T nucleotides is more than the translocation time of C nucleotides. The time required for translocation of T nucleotides is about 20 picoseconds while the time for translocation of C nucleotides is approximately 15 picoseconds. Also as it can be seen in Fig. 4 , totally for nucleotide C the signal maximum value, , is larger than the one for nucleotide T.
As for figures 2 and 3, it can be concluded that signals of certain nucleotide depend on its adjacent nucleotides. For instance signals of nucleotide A in arrangement 
Conclusion
In summary, in this paper a novel approach in DNA sequencing based on physical differences of nucleotides has been proposed and then based on it a sequencing nano-device has been designed. Here it has been claimed that the reason of rather low resolution of sequencing methods based on physical differences of nucleotides is nonlinear and complex nature of the DNA dynamics. This nonlinear dynamics caused the positions and orientations of nucleotides with respect to detectors depend on initial conditions and environmental disturbances. For this reason, in design of sequencing nano-device, it is endeavored to reduce nonlinear effects between nucleotide and detectors. By using this idea, resolution of resulting signals can be improved significantly. From results of molecular dynamics simulations, it can be concluded that the resolution of signals is highly improved, such that with less data processing one can specify type of bases from output signals. Theoretically, sequencing by this method is very fast so that a DNA strand can be sequenced at a few seconds only.
Among limitations of this approach, probably it is large deformation happened in ssDNA structure when it translocates through the channel. Not only might these cause plastic deformations in ssDNA structure and therefore destroy it, but force fields used in simulations that they are linearly approximated for small deformations might lose validity of simulations as well. It is thus required that deformation of ssDNA bonds is checked during simulations.
Also it should be noted that as for dimensions of the system implicit solvent model has been used in these simulations to reduce calculation cost. This approach might influence results by omitting some nonlinear effects caused by explicit water molecules.
Finally, one of the most common challenges in association with designed devices at nano scale is possibility of its fabrication. In the proposed nanodevice fabrication of nanochannel and embedding nanotubes with ~3.13 Å diameter in a ~10 Å gap are important challenges in fabrication. Perhaps such nanochannel can be made by means of lithography techniques [62] . Also nanotubes detectors may be replaced by other detectors such as those used in transverse electronic current and capacitance methods where sequencing can be performed based on electronic differences between nucleotides. By removing disturbances from nanotubes dynamics these detectors can present higher resolution. However, complications in fabrication are not something that is addressed here and the purpose of this paper is to demonstrate that resolution and accuracy of DNA sequencing can be improved highly by constraining dynamics of ssDNA during sequencing. 
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